Braun M. SSTR2 is the functionally dominant somatostatin receptor in human pancreatic ␤-and ␣-cells.
THE PEPTIDE HORMONE SOMATOSTATIN (SST) is produced in the central nervous system, notably the hypothalamus, the gastrointestinal tract, and the endocrine pancreas, and acts as a general inhibitor of hormone secretion and gastrointestinal function. It exists in two active forms of 14 and 28 amino acids length (SST-14 and -28). SST exerts its effects by binding to a G protein-coupled receptor [somatostatin receptor (SSTR)], of which five isoforms (SSTR1-5) encoded by five genes (SSTR1-5) exist. All SSTRs are coupled to G i/o proteins and inhibition of adenylate cyclase, but a variety of additional cellular effects have been described, including inhibition of Ca 2ϩ channels and activation of K ϩ channels (1, 2, 11) . In pancreatic islets of Langerhans, SST-14 is released from ␦-cells in response to glucose and amino acids (4, 23, 47) . SST potently inhibits insulin and glucagon secretion in rodents and humans. Several studies indicate that SST is a physiologically important paracrine signal in islets. For example, mice with disruption of the SST gene have increased insulin and glucagon secretion, and the glucose regulation of glucagon release is impaired (19) . Furthermore, in rats the incretin glucagon-like peptide-1 (GLP-1) has been postulated to inhibit glucagon secretion by stimulating SST release (14) .
Several aspects of human islet architecture are especially favorable for paracrine signaling, including that involving SST. First, the fraction of ␦-cells in human islet cells (ϳ10%) is almost twice as high as in rodent islets (8, 10) . Second, 70 -80% of human ␤-cells are in direct physical contact with non-␤-cells [compared with 28% in mouse islets (3, 10) , although ␤-to ␦-cell contacts have not been analyzed separately]. Third, ultrastructural evidence indicates that the blood flow in human islets is along layers of non-␤-cells surrounding the ␤-cell layers (3) rather than from central ␤-cells to peripheral non-␤-cells, as suggested for rodent islets (36) .
Studies in rodents have demonstrated that SST inhibits hormone secretion from ␤-and ␣-cells by inducing membrane hyperpolarization and directly suppressing exocytosis at a late stage (17, 29, 45) . In mouse islets, the effects on ␤-cells are mediated predominantly by SSTR5, whereas in ␣-cells SSTR2 is the prevailing isoform (34, 40, 41) . Data obtained from human islets are conflicting. Whereas one study identified SSTR5 as the dominant receptor in ␤-cells (46) , others detected primarily SSTR2 (9, 37) . The only investigation of glucagon secretion from human islets found an SSTR2-selective agonist to have the strongest inhibitory effect (37) . Immunocytochemical studies have suggested broad expression of all receptor subtypes in human ␤-and ␣-cells (39) .
The aim of the present study was to functionally identify SSTR isoforms expressed in human islet cell types and to determine their role in SST-14 signaling. To this end, isoformselective agonists were applied to isolated islet cells and the effects evaluated using the patch clamp recordings of electrical activity, membrane currents, and exocytosis. This approach eliminates paracrine interactions between cell types that may complicate the interpretation of results obtained in intact islets. Furthermore, we have characterized the cellular mechanisms by which SST suppresses hormone secretion from human pancreatic islets. L-054,264, L-803,087, and L-817,818 and CYN-154,806 were purchased from Tocris Bioscience (Bristol, UK). CH-275 was obtained from Polypeptide Laboratories (Strasbourg, France). L-796,778 was a kind gift from Dr. Susan Rohrer (Merck, Rahway, NJ). -Agatoxin IVA and tertiapin-Q were purchased from Alomone Labs (Jerusalem, Israel). A rabbit monoclonal antibody against SSTR2 (clone UMB1) was obtained from LifeSpan Biosciences (Seattle, WA). SST-14, isradipine, tolbutamide, and all other chemicals were from Sigma (Gillingham, UK). SST-14 was used throughout this study and will be referred to as SST.
MATERIALS AND METHODS

Materials.
Cell isolation and culture. Human pancreases were obtained with ethical approval and clinical consent from heart-beating donors. Pancreatic islets were isolated in the Oxford Diabetes Research & Wellness Foundation Human Islet Isolation Facility or the Alberta Diabetes Institute IsletCore according to published protocols (25, 30) . Freshly isolated islets were dispersed into single cells by incubation in enzyme-free cell dissociation buffer (Invitrogen, Paisley, UK), followed by trituration, and plated onto plastic Petri dishes. Cells were cultured in RPMI-1640 medium containing 7.5 mM glucose and 2 mM L-glutamine for Ͼ24 h before the experiments.
mRNA expression. mRNA expression levels of SSTR1-5 and two nonrelated G protein-coupled receptors [GPCRs; gastric inhibitory polypeptide receptor (GIPR) and GLP-1 receptor] were determined in human pancreatic islets (n ϭ 10) using TaqMan quantitative (q)RT-PCR (Applied Biosystems, Warrington, UK). All samples were available through existing collaborations at Oxford University and were collected with full ethical consent. RNA was extracted from all tissues using TRI reagent (Applied Biosystems). Samples were treated with DNase I (Life Technologies, Paisley, UK). cDNA was generated from 1 g of total RNA by random primed first-strand synthesis (Applied Biosystems) according to the manufacturer's protocol, run at a 1:20 dilution, and amplified in triplicate. Each well contained a multiplexed assay of a gene of interest and, as an internal control, a housekeeping gene [either peptidylprolyl isomerase A (PPIA) or ubiquitin C (UBC)]. Analysis was performed using the ⌬CT method (26) . Statistical analysis was performed using a two-sided signed-rank test.
For PCR-analysis of Kir3.x subunit expression, total RNA from human pancreatic islets was purified using an RNeasy Mini Kit (Qiagen, Toronto, ON, Canada). DNase I-treated total RNA (2.0 g) was reverse transcribed (iScript Reverse Transcription Supermix; Bio-Rad) in the presence of an RNase inhibitor. In a negative control, iScript Supermix (minus reverse transcriptase) was used for the cDNA reaction. PCR was performed using Platinum Taq Polymerase (Invitrogen, Burlington, ON, Canada) under the following conditions: 2 min at 95°C followed by 40 cycles of 10 s at 95°C, 20 s at 50°C, and 60 s at 72°C. PCR products were analyzed on a 1% agarose gel. Primers for RT-PCR were designed using the program Primer 3 (University of Massachussetts Medical School; http://biotools.umassmed.edu/bioapps/ primer3_www.cgi). For detection of all KCNJ gene transcripts, common regions were selected for insertion into the above program. Expected fragment sizes were between 379 and 410 bp. ␤-Actin was used as a control.
Electrophysiology. Patch pipettes were pulled from borosilicate glass, coated with Sylgard (Dow Corning, Wiesbaden, Germany), and fire-polished. Tip resistance was 3-8 M⍀ when filled with intracellular solution. Patch clamp experiments were performed in the standard or perforated-patch whole cell configurations using an EPC-10 amplifier and Pulse software (HEKA, Lambrecht, Germany). Cell capacitance was estimated using the Lindau-Neher method as implemented by the LockIn extension of Pulse software. Cells were kept at 32-33°C throughout the experiments by constant superfusion with heated extracellular solution. ␤-Cells were identified by size [cell capacitance Ͼ6 pF, cf. (6)], whereas ␣-cells were identified by immunocytochemistry after the experiment.
To test effects of inhibitors on depolarization-evoked exocytosis, the duration of the voltage clamp depolarization was initially adjusted to between 200 and 500 ms to obtain capacitance responses Ͼ50 fF in ␤-cells and Ͼ20 fF in ␣-cells. Depolarizing pulses were then applied at 2-min intervals, and inhibitors were added when two sequential stimulations under control conditions yielded similar (Ϯ 20%) responses.
Solutions. The extracellular solution for recording membrane potential and resting currents contained (in mM) 140 NaCl, 3.6 KCl, 0.5 MgSO4, 1.5 CaCl2, 10 HEPES, 0.5 NaH2PO4, 5 NaHCO3, and 6 glucose (pH was adjusted to 7.4 with NaOH). For the membrane capacitance and voltage-gated Ca 2ϩ current measurements, extracellular medium composed of (in mM) 118 NaCl, 20 TEACl, 5.6 KCl, 2.6 CaCl2, 1.2 MgCl2, 5 HEPES, and 5 glucose (pH 7.4, with NaOH) was used. The intracellular solution for capacitance measurements consisted of (in mM) 125 Cs-glutamate, 10 CsCl, 10 NaCl, 1 MgCl2, 5 HEPES, 0.05 EGTA, 3 MgATP, 0.1 NaGTP, and 0.1 cAMP (pH 7.15 with CsOH). The pipette solution for the membrane potential and resting current recordings (conducted using the perforated-patch configuration) contained (in mM) 76 K 2SO4, 10 KCl, 10 NaCl, 1 MgCl2, and 5 HEPES (pH 7.35 with KOH) and 0.24 mg/ml amphotericin B.
For the Ca 2ϩ current measurements using the perforated-patch configuration, K2SO4 was replaced equimolarly with Cs2SO4.
Immunohistochemistry. For analysis of SSTR2 expression, deparaffinized human pancreatic tissue sections were heated in a buffer containing 10 mM Tris and 1 mM EDTA (pH 9) for 15 min, allowed to cool in the same buffer for 15 min, and rinsed with PBS. After a 30-min blocking step in 20% goat serum, the sections were incubated with anti-SSTR2 (diluted 1:2,000 in 5% goat serum) and anti-insulin or anti-glucagon antibodies for 1 h at room temperature. The slides were then washed in PBS and incubated with fluorophore-labeled secondary antibodies (diluted in goat serum) for 1 h at room temperature. Fluorescence was visualized using an inverted microscope (Zeiss Apotome).
Immunocytochemical identification of ␣-cells after patch clamp experiments was performed as described previously (6) .
Immunoblotting. Proteins from human pancreatic islets (ϳ50 g) were separated by electrophoresis on an 8% SDS-polyacrylamide gel and transferred by electroblotting onto a nitrocellulose membrane. Molecular weight markers were run alongside samples. Membranes were blocked with 5% milk powder in TBS-T buffer (20 mM Tris·HCl, 140 mM NaCl, and 0.1% Tween-20, pH 7.6) for 1 h at room temperature, washed (3 ϫ 5 min in TBS-T), and incubated overnight at 4°C with anti-SSTR2 (diluted 1:1,000 in TBS-T containing 1% milk). After washing (3 ϫ 5 min in TBS-T), membranes were probed with horseradish peroxidase-conjugated goat anti-rabbit antibody (1: 2,000 dilution in TBS-T containing 5% milk powder; Santa Cruz Biotechnology, Santa Cruz, CA) for 1 h at room temperature and washed (3 ϫ 5 min in TBS-T). Hybridized antibody was detected using an enhanced chemiluminescence kit (Western Lightning Plus-ECL; Perkin-Elmer, Waltham, MA).
Data analysis. Data are expressed as means Ϯ SE. Statistical analysis was performed using Student's t-test. Because of the cell-to-cell variability, capacitance responses are shown as normalized to control values before the addition of test substance(s) in the same cells. In experiments testing effects of Ca 2ϩ channel blockers on Ca 2ϩ currents, the SSTsensitive current in presence of blockers was expressed in percent of the initial current (before addition of blockers).
RESULTS
Expression of SSTR subtypes in human islets.
Gene expression of the five SSTR isoforms in human islets was analyzed by relative qRT-PCR (Fig. 1A) . Two unrelated GPCRs known to be expressed in human ␤-cells (GIPR, GLP1R) were analyzed for comparison. SSTR2 showed significantly higher (P Ͻ 0.05) relative expression than all other SSTR isoforms as well as the unrelated GPCRs. Corresponding C T values ranged between 27.5 for SSTR2 and 32 for SSTR5. No expression of SSTR4 was detected. Probe affinity for SSTR4 was confirmed in a commercially available human tissue RNA panel (Clontech, SaintGermain-en-Laye, France).
Expression of SSTR2 protein in human islets was confirmed by Western blotting (Fig. 1B) . Immunohistochemical analysis of human pancreatic tissue sections revealed that SSTR2 is present in both ␤-cells and ␣-cells (Fig. 1, C and D) .
SST hyperpolarizes human ␤-cells independently of ATPsensitive K ϩ channels. Electrical activity was recorded in isolated human ␤-cells, using the perforated-patch whole cell configuration of the patch clamp technique. The recordings were performed at 6 mM extracellular glucose, a physiological postprandial concentration that is close to the EC 50 of glucosestimulated insulin secretion (21) . Application of SST (10 -30 nM) to the extracellular solution hyperpolarized the ␤-cell membrane potential and suppressed action potential firing ( Fig. 2A) . The effect was reversible upon washout of the hormone. In a series of seven experiments, SST hyperpolarized ␤-cells by 7 Ϯ 1.6 mV (Fig. 2B ) and reduced the action potential frequency by 91 Ϯ 6% (Fig. 2C) .
SST hyperpolarized ␤-cells to a similar extent when applied in the presence of the ATP-sensitive K ϩ channel (K ATP ) channel blocker tolbutamide (Fig. 2D) . Under these conditions, the membrane potential was lowered by 9.9 Ϯ 3.7 mV (Fig.  2E ) and the action potential frequency reduced by 72 Ϯ 11% (Fig. 2F) . By contrast, the SST-induced membrane hyperpolarization was diminished in the presence of tertiapin-Q, an inhibitor of G protein-gated inwardly rectifying K ϩ (GIRK) channels (Fig. 2G) . In this series of experiments, SST hyperpolarized the cells by 9.8 Ϯ 1.5 mV under control conditions, which was reduced to 4.3 Ϯ 1 mV in the presence of tertiapin-Q (100 -200 nM) in the same cells (n ϭ 6, P Ͻ 0.01). It is notable that in human ␤-cells, as observed previously in mouse ␤-cells (29) , action potential firing sometimes resumed in the continued presence of SST (Fig. 2, D and G) .
Effects of SST on ␤-cell resting membrane currents. The membrane current underlying the SST-induced membrane hyperpolarization was recorded using the perforated-patch whole cell configuration. The ␤-cells were clamped at Ϫ70 mV (i.e., below the threshold for activation of voltage-gated channels), and voltage ramps from Ϫ140 to Ϫ60 mV were applied at 10-s intervals (Fig. 3A) . Application of SST (30 nM) induced an outward current at Ϫ70 mV that averaged 4.4 Ϯ 0.7 pA (0.3 Ϯ 0.05 pA/pF; n ϭ 12). The current-voltage relationship of the SST-activated current is shown in Fig. 3B . The current reversed at approximately Ϫ110 mV, slightly more negative than expected for a K ϩ selective current (Ϫ95 mV), and displayed weak inward rectification. The SST-activated current was insensitive to the K ATP channel blocker tolbutamide (not shown) but reduced by ϳ55% in the presence of Ba 2ϩ , a blocker of inwardly rectifying K ϩ channels, or the GIRK antagonist tertiapin-Q (Fig. 3C ). Tertiapin-Q had no effect on the resting membrane conductance in the absence of SST (not shown). RT-PCR confirmed expression of the GIRK channel subunits Kir3.1 (KCNJ3), Kir3.2 (KCNJ6), and Kir3.4 (KCNJ5) in human islets (Fig. 3D) .
SST inhibits Ca 2ϩ influx through P/Q-type Ca 2ϩ channels in ␤-cells. The effect of SST on voltage-gated Ca 2ϩ currents was measured in the perforated-patch whole cell configuration. To block voltage-gated K ϩ currents, K ϩ in the pipette solution was replaced by Cs ϩ , and the broad-spectrum K ϩ channel inhibitor TEA was added to the extracellular solution. Ca 2ϩ currents were measured during voltage clamp depolarizations from Ϫ70 to 0 mV. Addition of SST (30 nM) to the bath solution inhibited depolarization-evoked Ca 2ϩ influx (measured as integrated current) by 16 Ϯ 3% (Fig. 4, A and B) . The effect was reversible after removal of the hormone (not shown).
SST inhibits Ca 2ϩ influx through P/Q type Ca 2ϩ channels in ␤-cells. Human ␤-cells express two types of high voltageactivated (HVA) Ca 2ϩ channels, namely L-type and P/Q-type channels (6) . To establish which channel subtype is inhibited by SST, the effect of the hormone on Ca 2ϩ currents was studied in the presence of selective Ca 2ϩ channel blockers (Fig. 4C) . When SST was applied in the presence of the L-type channel blocker isradipine, Ca 2ϩ influx was reduced to the same extent as under control conditions (by 17 Ϯ 4% of the control current before application of isradipine; n ϭ 3). By contrast, in the presence of the P/Q-type channel antagonist -agatoxin IVA, the effect of SST was essentially abolished (2 Ϯ 3% inhibition, normalized to the control current before application of Ca 2ϩ channel blockers; n ϭ 4). This argues that SST principally inhibits P/Q-type Ca 2ϩ channels in human ␤-cells.
SST inhibits exocytosis in ␤-cells downstream of Ca 2ϩ influx. Exocytosis in single ␤-cells was monitored by capacitance measurements. This method detects increases in the cell surface area due to fusion of secretory granules with the plasma membrane. Exocytosis was evoked in the standard whole cell configuration by applying voltage clamp depolarizations from Ϫ70 to 0 mV. This maneuver leads to the opening of voltagegated Ca 2ϩ channels in the plasma membrane and elicits secretion independently of glucose-induced electrical activity. Addition of SST (30 nM) to the extracellular solution reduced exocytosis evoked by 200-to 500-ms depolarizations by 80 Ϯ 5% (Fig. 5, A and B) . The inhibition was stable for the duration of SST application (78 Ϯ 6 and 81 Ϯ 7% inhibition after 1 and 3 min, respectively) and reversible upon removal of the hormone (Fig. 5, A and B) . In the same experiments, SST also decreased the depolarization-evoked Ca 2ϩ influx by 11 Ϯ 3% (n ϭ 11, P Ͻ 0.05).
To test whether the reduction of exocytosis can be explained by the inhibition of the Ca 2ϩ current, the duration of depolarization pulse was prolonged in the continued presence of SST to adjust the total Ca 2ϩ influx to the same (or a slightly higher) level as before SST addition (Fig. 5, C and D) . In this series of experiments, SST reduced exocytosis evoked by pulses of control duration by 87 Ϯ 4% and Ca 2ϩ influx by 13 Ϯ 5%. With prolonged depolarizing pulses, Ca 2ϩ influx was restored to 113 Ϯ 6% of the control value (i.e., before addition of SST), but exocytosis remained strongly suppressed (by 80 Ϯ 8%). This suggests that the inhibitory effect of SST on ␤-cell exocytosis is principally exerted downstream of Ca 2ϩ influx. SST exerts its effects on ␤-cells mainly via SSTR2. To identify the SSTR isoforms mediating SST effects in human ␤-cells, isoform-specific SSTR agonists were employed. To ensure maximal inhibition of the targeted receptor, the agonist concentrations used were ϳ20-fold higher than their respective K i values for the most sensitive isoform (Table 1) . First, the effects of these agonists on depolarization-evoked exocytosis were examined (Fig. 6) . The SSTR2-specific agonist L-054,264 inhibited ␤-cell exocytosis significantly, albeit to a lesser extent than SST itself. The exocytotic response in the presence of the agonist amounted to 44 Ϯ 11% of control values. A weaker inhibitory effect was obtained with the SSTR3-specific agonist L-796,778 (by 24 Ϯ 6%). The SSTR1 agonist CH-275, the SSTR4 agonist L-803,087, and the SSTR5-specific agonist L-817,818 were all without significant effect on the capacitance responses. It was ascertained that the exocytotic responses were stable in the absence of any drug addition (Fig. 6) , thus excluding that the observed inhibitory effects reflect spontaneous rundown of exocytosis.
These results were verified in membrane potential measurements. As shown in Fig. 7A , the SSTR2-specific agonist L-054, 264 hyperpolarized the membrane potential and inhibited glucoseinduced electrical activity of human ␤-cells, although (similarly as above) to a slightly lesser extent than SST itself. The agonist lowered the membrane potential by 7.8 Ϯ 3.1 mV and reduced the action potential frequency by 57 Ϯ 18% (Fig. 7, B and C) . The SSTR5-agonist L-817,818 had marginal effects on ␤-cell membrane potential (Ϫ1.8 Ϯ 0.7 mV) and action potential frequency (10 Ϯ 2% reduction; Fig. 7, D-F) .
SST inhibits exocytosis from human ␣-cells. We have shown recently that SST inhibits electrical activity and hyperpolarizes the membrane potential of human ␣-cells, an effect that is antagonized by an SSTR2-selective blocker (28) . We investigated the effects of SST and SSTR subtype-specific agonists on depolarization-evoked exocytosis in human ␣-cells. Addition of SST (30 nM) reduced exocytosis by 72 Ϯ 10% (Fig. 8, A  and C) . In the same experiments, SST also decreased the Ca 2ϩ influx by 15 Ϯ 2% (P Ͻ 0.05, n ϭ 7; Fig. 8B ). The SSTR2-specific agonist L-054,264 likewise strongly inhibited ␣-cell exocytosis (by 48 Ϯ 11%). A slightly weaker inhibition of exocytosis (by 39 Ϯ 10%) was obtained after application of the SSTR1-selective agonist CH-275. Activation of SSTR3 or SSTR5 failed to affect the exocytotic responses significantly.
DISCUSSION
In MIN6 ␤-cells, K ATP channels and non-K ATP inwardly rectifying K ϩ channels contribute equally to the SST-activated K ϩ current (38) . We show here that the K ATP channel blocker tolbutamide did not diminish the SST-induced membrane hyperpolarization in human ␤-cells. This indicates that SST in human ␤-cells, as suggested previously in mouse ␤-cells (35), acts principally on conductances distinct from K ATP channels. We instead found that tertiapin-Q reduces the SST-induced membrane hyperpolarization and inhibits the SST-activated resting membrane current, suggesting a key role for the Kir3.x/ GIRK subfamily of inwardly rectifying K ϩ channels in the SST response. In support of this conclusion, we were able to confirm a previous report that human islets express Kir3.x subunits (16) . GIRK channels have been shown to underlie K ϩ currents activated by SST in rodent ␣-cells (45) and by noradrenaline in mouse ␤-cells (24) . Our data suggest that GIRK channels in human islet cells are heteromultimers consisting of Kir3.1 and Kir3.2 or Kir3.4 subunits (22) .
Tertiapin-Q did not completely prevent the SST-induced membrane hyperpolarization, and a substantial component (ϳ45%) of the SST-activated outward leak current was unaffected by either tertiapin-Q or the Kir channel blocker Ba 2ϩ . Moreover, the reversal potential of the SST-activated current was more negative than predicted by the Nernst equation for a purely K ϩ -selective conductance. These findings can best be explained if SST, in addition to activating a hyperpolarizing (GIRK-mediated) K ϩ current, also inhibits a depolarizing leak current. The channel or transporter underlying this depolarizing current remains to be identified.
In contrast to mouse ␤-cells (29) , SST significantly reduced the depolarization-evoked Ca 2ϩ influx in human ␤-cells. This difference may reflect the different SSTR subtypes expressed. SSTR2 (the major subtype in human ␤-cells; Fig. 6 ) but not SSTR5 [the subtype present in mouse ␤-cells (34)] has been shown to couple to Ca 2ϩ currents (1) . The inhibitory effect of SST was unaffected by the L-type Ca 2ϩ channel blocker isradipine but abolished by the P/Q-type channel blocker -agatoxin IVA, indicating that SST specifically inhibits the latter type of channel. To our knowledge, this is the first demonstration of G protein regulation of P/Q-type channels in pancreatic islet cells. This result is at variance with previous studies on insulin-secreting cell lines, where L-type and R-type Ca 2ϩ channels were reported to conduct the SST-sensitive Ca 2ϩ current (27) , but in accord with findings in neurons (43) .
Under the experimental conditions used here, the reduction of Ca 2ϩ influx by SST had only a minor contribution to its inhibitory effect on exocytosis (Fig. 5, C and D) . However, this does not exclude that the inhibition of the voltage-gated Ca 2ϩ current is physiologically relevant. Exocytosis in human ␤-cells is steeply dependent on the Ca 2ϩ influx, and a 16% reduction of the Ca 2ϩ current can consequently result in an ϳ40% inhibition of exocytosis. Moreover, there is evidence that P/Q-type channels may be coupled specifically to exocytosis in human ␤-cells (6, 7) .
In line with previous findings in rodents (29) , SST inhibited depolarization-evoked exocytosis in human ␤-and ␣-cells principally downstream of Ca 2ϩ influx (Fig. 5, C and D) . Physiologically, the inhibition of exocytosis may be especially important at high postprandial plasma glucose levels, because SST suppressed action potential firing incompletely when applied in the presence of tolbutamide (which mimics the effects of high glucose concentrations on the membrane potential). The capacitance measurements were performed in the standard whole cell configuration, and the cytosol was dialysed with a saturating concentration of cAMP throughout the experiment. Therefore, although SST may inhibit adenylate cyclase in human islet cells, this is unlikely to contribute to the suppression of exocytosis we describe here. A variety of other pathways have been implicated in SST signaling in neuroendocrine cells, including activation of the protein phosphatase calcineurin in mouse ␤-cells (29) and rat ␣-cells (17), activation of protein acylation in rat ␤-cells (13) , and direct effects of G protein ␤␥-subunits in chromaffin cells (12) . The intracellular pathways that link SSTR activation to the functional changes described in this study remain to be identified.
The SST-induced inhibition of electrical activity and membrane hyperpolarization were transient in many cells, and action potential firing resumed in the continued presence of the hormone. By contrast, the inhibitory effect on exocytosis was stable throughout the experiments and may ensure that hormone secretion remains strongly inhibited even when the cells have repolarized. In vitro studies suggest that SST secretion, similar to insulin and glucagon secretion, is pulsatile with a period of 7-8 min (20) . It is possible that the troughs of SST secretion allow the effects of SST on membrane potential to reset and that the effect on electrical activity is more significant in vivo than suggested by the transient effect during a sustained application in the present study.
The present study suggests that SSTR2 is the functionally dominant SSTR in human ␤-cells and that SSTR3 and to a lesser extent SSTR5 also contribute to the SST effects on exocytosis and electrical activity. In ␣-cells, activation of SSTR2 likewise had the strongest effect, followed by SSTR1. Although the effects of the SSTR3 agonist did not reach overall statistical significance, a clear and reversible inhibition of exocytosis was obtained in some ␣-cells, which is compatible with heterogeneous receptor expression. A similar order of potency for SSTR1, -2, and -5 agonists (i.e., SSTR2 Ͼ SSTR5 Ͼ SSTR1 for insulin, SSTR2 Ͼ SSTR1 Ͼ SSTR5 for glucagon) was observed in hormone secretion measurements from isolated human islets (9, 37) , but an SSTR3 agonist was found to be ineffective in these studies. It is likely that the same SSTR3 agonist employed in the present study was also used in the studies of Brunicardi et al. (9) and Singh et al. (37) (based on its K i values for SSTR isoforms), but it is unclear which concentrations were tested in those studies. The low affinity of the compound for SSTR2 makes it unlikely that the effects observed here were mediated by a different receptor isoform.
Reducing glucagon secretion can improve glucose homeostasis in diabetes and is therefore therapeutically desirable (18) . Our data tentatively indicate that, by using SSTR1-specific agonists, this might achievable without affecting insulin secretion. Somatostatin analogs are used in the treatment of various endocrine disorders. For example, SOM230 is employed to inhibit ACTH secretion in Cushing disease, an effect that depends mainly on the activation of SSTR5 (42) . A common side effect of the treatment is hyperglycemia. Although SOM230 activates SSTR5 with approximately sixfold higher potency than SSTR2 (2), the present study suggests that this risk might be further reduced by using a more SSTR5-specific agonist.
In summary, we demonstrate that SST inhibits pancreatic hormone secretion by a combination of several effects. First, it hyperpolarizes the membrane potential of human ␤-cells and inhibits action potential firing. This hyperpolarization is independent of K ATP channels and involves GIRK channels. Second, the hormone inhibits Ca 2ϩ influx through voltage-gated P/Q-type Ca 2ϩ channels. Finally, SST directly inhibits Ca 2ϩ -dependent exocytosis in ␤-and ␣-cells. These effects are mediated predominantly by SSTR2 in both cell types, whereas in mice SSTR2 and SSTR5 are believed to mediate the effects in ␣-and ␤-cells, respectively. This is yet another example where observations in rodents cannot be extrapolated to humans (5, 6, 10, 15, 32, 33) .
